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The development in recent years of the science 
and application of linear elastic fracture mechanics 
has provided engineers and metallurgists with a method 
of designing against fracture in structural components 
in a more quantitative way than could be achieved using 
traditional toughness testing techniques. The 
inclusion of fracture toughness testing in B.S.I. and 
A.S.T.M. documents clearly demonstrates that fracture 
toughness values will appear in many future material 
quality specifications.
Accordingly, this thesis examines the 
macromechanism of fracture in granulated blast furnace 
slag concrete. The reasons for this choice of material 
are twofold:
i) The growing consumption of the world*s energy 
resources makes it imperative that all refuse 
materials and industrial by-products be used to 
their maximum capacity. At the Port Kembla 
Steelworks alone, a yearly production of 5.4 
million tonnes of steel generates over 4.0 
million tonnes of solid wastes; of these, 2.5 
million tonnes consist of slag in various forms.
ii) Results of previous experimental studies on
granulated slag indicate that there is a variety




However, the earlier investigations on slag 
concrete have been mainly directed at 
establishing its strength and workability.
In the text the various methods used to determine
the effective fracture toughness of plain concrete
are discussed and the values of K ’ for various slagc
concrete mixes are found by the notched beam and 
double-cantilever techniques. Some consideration is 
also given to microscopic aspects, particularly those 
using holography to detect slow crack propagation.
Some practical applications of the results are 
described, including the estimation of the permissible 
load on a cracked slag concrete slab and the 
interpretation of the behaviour of flexible pavements 
subjected to fatigue loads.
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c, a Crack or notch length mm
Ô Deformation mm
E Elastic modulus MPa
0 Applied Stress MPa
A Surface area 2m
T Specific surface energy J
U Strain energy J
W Free surface energy J
y Poisson ratio -
r Distance from crack tip to point
of measurement of stress mm
e Angle between r and the x axis deg.
G Strain energy release rate kN/m
Gc Critical strain energy release rate kN/m
K Stress intensity factor kN/m^*
Kc Critical stress intensity factor kN/m^2
K1c Pseudo-fracture toughness kN/m3//z
d, w Depth of beam m
1 Shear span of beam m
B Width of beam m
P Applied load kN
Mb Bending moment at notched section/
unit width kN-m/m
M Applied bending moment kN-m
h . Cantilever beam height m
b Cantilever beam width m
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CHAPTER ONE - INTRODUCTION
The purpose of this thesis is to investigate the 
properties of fracture toughness and strength of 
granulated blast furnace slag concrete.
Fracture toughness may be regarded as the 
resistance of a material to the propagation of an 
existing crack. With particular reference to concrete, 
this resistance is a function of both the cement paste 
matrix and the heterogeneity of the concrete. Initial 
cracks exist in the matrix as well as in the matrix­
aggregate interface and these cracks will propagate 
through the matrix under certain conditions.
Various factors which influence the fracture 
toughness of "slag" concrete are examined. The Fracture 
Mechanics concepts are initially outlined, including the 
Griffith Theory and its subsequent modification for 
materials in which plastic flow precedes failure, and 
the previous applications of these concepts to 
conventional concrete mixes are considered.
An experimental investigation determines the 
fracture toughness of several "slag" concrete mixes by 
flexural tests on beam specimens containing flaws of 
various depth cast at the centre of the tensile surface 
as well as on double-cantilever beam specimens. The 
effects on the fracture toughness of variations in water- 
cement ratio, curing period, type of fine aggregate and
14
depth of notch are shown. The uniaxial compressive 
strength of each mix has been concurrently determined 
and relationships between fracture toughness and 
strength have been derived. Descriptions of other 
possible experimental procedures for the determination 
of concrete fracture toughness have been included and 
practical applications of the results given.
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CHAPTER TWO - LITERATURE SURVEY
2.1 Fracture Mechanics Concepts
2.1.1 Introduction
The various theories initially put forward to
explain the failure mechanism of concrete generally
placed the emphasis on static strength. Recently 
1 2  3however, ' ' the fracture mechanics technique has 
been widely applied to determine the necessary 
conditions for the rapid crack propagation of an 
existing flaw.
Fracture mechanics is a technique which deals 
with the forces associated with the rupture of a solid 
body and, in particular, with the balance of energies 
involved with the propagation of a crack. The technique 
does not explain the micromechanism of fracture but 
does permit a relationship to be established between 
the various physical quantities involved, such as 
stress, energy and size of crack. As a result,
Fracture Mechanics enables a quantitative analysis of 
the failure to be achieved.
2.1.2 The Griffith Theory
In 1920, Griffith'*' suggested that the fracture 
strength of a brittle material, such as glass, is 
greatly affected by the presence of small cracks which 
are either pre-existent or which are formed due to the 
application of a load. This effect was stated to be
16
due to stress concentrations caused by such cracks.
A theory of fracture strength was proposed, based on 
a consideration of changes in strain energy and 
surface energy due to crack extension.
The well known Griffith criterion is that crack
propagation in a brittle material occurs when the rate
of release of strain energy, dU, is at least equal to
dA
the rate of increase of free surface energy (with
respect to crack area), dW, due to the formation of a
dA
new surface area. For the classical case of an 
elliptical hole or thin crack, of length 2c in an 
infinite plate of brittle material subjected to a plane 
stress field, cr , then . .
dU = d_ ( 7rq 2c2) = ira .....  (1)
dA dc 2E E
and
dW = d_ (2Tc) = 2T .....  (2)
dA dc
Hence, for crack propagation to occur,
?ra 2c = 2T .....  (3)
E
where T = specific surface energy and 
E = elastic modulus.
Hence the stress necessary for crack propagation, 
a = / 2ET' .....  (4)
TTC
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2.1.3 Modification of the Griffith Theory
.2 3 .Irwin and Orowan further recognised that for
materials in which plastic flow precedes failure, 
unstable crack extension could occur if the plastic 
strains tended to localise near the boundaries of the 
crack. This necessitated the Griffith Theory to be 
modified to take into account the dissipation of strain 
energy in plastic flow and the augmentation of the 
surface energy term in Griffith*s equation by the work 
of plastic deformation,
. 2i.e. ire c = 2T + dW ..... (5)
E dc
The view is now held that, provided the surface 
energy term in Griffith's equation is replaced by the 
total work involved or energy absorbed in the process 
of fracture, then, Griffith's theory, in modified form, 
may be applied to a wide range of materials. The 
strain energy release rate, which is designated as G, 
may be less than that required to cause unstable crack 
propagation. This is because both the energy release 
rate and the energy absorption rate during crack 
extension may depend on several factors such as the 
magnitude and rate of application of the load.
2.1.4 The concept and determination of 
fracture toughness
The strain energy release rate at onset of un­
stable crack propagation is referred to as the critical
18
strain energy release rate, G , or "fracturec
toughness" of the material. It represents the
component of work irreversibly absorbed in local
plastic flow and cleavage surface tension to create
a new unit area of fracture. G is assumed to be ac
material constant which is independent of body 
geometry and loads, and is applicable to both brittle 
and ductile materials.
2Hence, G = ira c (for plane stress) and .... (6) 
c “ e  0
2 2G_ = ira c_(l- U ) (for plane strain) ... (7)
C ” 1 11 C 1
E
A further development of Irwin*s work was the concept
4-7of stress intensity factor, K. Irwin showed that
the stress perpendicular to the plane of the crack, at
a point a small distance, r, from the crack tip is
= K * cos 6/2 C1 + sin £ sin 3 8 7 .... (8) 
^2 tt r  ̂ 2 2
where 0 is the angle formed by the radius r and the
x-axis (see Figure 1).
This concept permits a more straightforward 
criterion to be used for fracture, namely the critical 
stress intensity factor, K . There are two 
advantages in using the stress intensity factor as the 
fracture parameter:
(a) the specific surface energy (T) and free
surface energy (W) terms in equation (5) do 
not have to be known, and
Figure 1 - Coordinates at the leading edge
of a crack
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(b) the individual K values are additive for
superimposed stress fields.
The relationship between K and G is:
for plane stress: K = /EG and (9)
for plane strain: K (10)
It should be noted that the critical stress intensity 
factor Kc, corresponds to the critical value of Gc 
and is also an important measure of fracture toughness.
Concrete is a visco-elastic, heterogeneous
material in which failure can occur partly by fracture
of the cement matrix, by fracture of the aggregate,
or by failure of the bond between the cement matrix
and the aggregate. It is thus unlikely that a
consideration of surface energy alone will give a
reliable estimate of the critical strain energy
release rate (G ) of concrete. There are two basicc
methods for determining the fracture toughness of 
concrete in tension.
One method already proven successful uses stress 
analysis procedures to derive a mathematical relation­
ship for G in terms of the dimensions of the test 
specimen, depth of crack, applied load, and elastic 
modulus.
Test procedures involve applying a gradually 
increasing load to the test specimen until a stress 
level is reached which results in rapid propagation
21
of the initial crack. G is then calculated from thec
appropriate mathematical relationship.
• 8Winne and Wundt showed that for a rectangular 
beam in which the notch depth c is shallow in relation
to the overall depth, d, then :
r _ (l - y2) on2h f tf} ..... (11)
where f {£} = I£ ld' d (1 - c/d)3f
n = nominal bending stress at root of
4- u 6M, notch = —~b,
h Z
h = (d - c) , and
= bending moment at notched section/unit 
width of beam.
9Neuber obtained a solution for the notch stress 
in pure bending, for a thin bar with a deep hyperbolic 
notch on one side only. This yielded the following 
equation for G, in the plane strain condition:
G 0.52 (1 - y2) an2h E ( 12)
which is the same as Equation (11) with f {̂-} equal 
to 0.52.
The second method of determining crack toughness 
consists of carrying out an experimental energy rate 
analysis by the "compliance calibration" technique, which 
takes into account the external energy changes and 
does not necessitate the measurement of critical stress 
and critical crack length at the onset of fast crack 
propagation.
22
This method makes use of the expression:
Gc = % p2 al ..... (13)
where F is the external force transverse to the crack 
and X is the compliance. The values of ^  can be 
ascertained from the experimental load-deformation 
curves and thus Gc may be calculated.
2.2 Applications of Fracture Mechanics to Concrete 
2.2.1 Early Investigations on Conventional 
Concrete
10-22There have been several investigations 
already made into the applicability of linear elastic 
fracture mechanics to concrete. In most cases, however, 
a controversy arose as to whether the fracture toughness 
parameters remained constant with changes in specimen 
size and crack length and whether concrete materials 
were notch-sensitive.
The first investigator to apply fracture mechanics 
to concrete was Kaplan‘S  who tested one mortar and two 
concretes. He used flexure beams notched on the tensile 
face and subjected them to three- or four- point loading. 
The results obtained by Kaplan indicated that:
(i) beams with different notch depths gave Gc values 
which are in close agreement, the average co­
efficient of variation being 5 per cent;
(ii) third-point loading gave, on the average, 15 
per cent lower values of Gc than centre-point 
loading, and; .
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(iii) values of G determined from tests on
3 x 4 x 26 in. beams were approximately 
40 per cent lower than those obtained from 
tests on 6 x 6 x 20 in. beams.
Romualdi and Batson‘S  conducted tests on
large concrete plates which were cast with centrally
located slots and failed in tension. The plates were
2.5 in. thick, 24 in. wide and 32 in. long. The
central slots varied in length from 2 in. to 12 in.
The stress and crack length values at failure were
substituted into the plane strain expression (7)
for the calculation of G . The test results showedc
a scatter of values ranging from approximately 0.03 
to 0.07 in.-lb per sq. in. Generally, a decrease 
in crack size was accompanied by a decrease in Gc 
values. At small crack sizes, the trend indicated 
a value of approximately 0.02 to 0.03 in.-lb per sq. in. 
and these values were selected for use in subsequent 
calculations. The authors pointed out, however, that 
they made no correction for possible crack growth 
prior to fracture and their computed values of Gc, 
based on the original crack length, were "somewhat in 
error".
24
Shah and McGarry investigated the notch 
sensitive quality of cement paste, mortar and concrete. 
They conducted a series of tests on flexural beam 
specimens of hardened portland cement, mortar and concrete 
subjected to three-point loading. These beams had 
triangular notches varying in size from 0.25 in. to 
1.00 in. at mid-span on the tension face. From the 
results obtained in these tests, Shah and McGarry 
concluded that hardened portland cement paste was a 
notch sensitive material, whereas mortar and concrete, 
with the normally used amounts and volume of stone 
particles, were notch insensitive. They further 
concluded that concrete materials failed when the net 
cross-sectional stress reached a value equal to the 
rupture modulus of the same materials without the notch.
13Lott and Kesler worked on a hypothesis 
for the propagation of cracks in plain concrete and 
compared this hypothesis to experimental results of 
crack propagation in certain concrete and mortars.
In effect, a pseudo-fracture toughness was obtained 
for concrete analysed as a homogeneous material.
12
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The pseudo-fracture toughness of the concrete was taken 
as the sum of the cement paste and an arresting action 
of the aggregate on crack growth. The results from 
the experimental investigation showed that concretes 
with typical coarse aggregate contents had approximately 
twenty per cent greater resistance to crack growth 
than mortars with similar water-cement and sand-cement 
ratios.
14Naus and Lott also carried out flexural tests 
to determine the fracture toughness of several pastes, 
mortars and concrete specimens. Here again, the beam 
specimens used contained transverse flaws of various 
depths cast at the mid-span position on the tensile 
surface. The effect of several concrete parameters - 
water-cement ratio, gravel-cement ratio, air content, 
curing time and fine aggregate content - on the 
fracture toughness of the concrete was examined. The 
experimental results obtained indicated that:
(a) there was a decrease in the effective fracture 
toughness of the paste and mortar series with increasing 
water-cement ratio; however, the range of water- 
cement ratios considered apparently did not affect the 
effective fracture toughness of the concrete;
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(b) increasing the air content of the matrix 
resulted in a decrease in effective fracture toughness 
because of the reduced matrix strength. This decrease 
was not as significant for the concrete as for pastes 
and mortars again because of the apparent importance 
of the aggregate arresting phenomenon;
(c) there was a significant increase in effective 
fracture toughness with age as a result of continuing 
hydration of the cement particles to produce higher 
matrix strength;
(d) there was an increase in effective fracture 
toughness for the mortar with an increasing amount of 
fine aggregate, because the concentration of crack 
arresting particles in the matrix was increased. The 
concrete effective fracture toughness was not 
significantly affected by the fine aggregate content 
because of the overriding effect of the coarse aggregate;
(e) an increased gravel content increased the 
effective fracture toughness because the larger gravel 
content enlargened the concentration of crack arrestors 
in the matrix.
15Kesler, Naus and Lott investigated the notch 
sensitivity of cement-paste, mortar and concrete for a 
specific beam geometry. They found that not only were mortar 
and concrete notch insensitive but also cement paste.
27
However, they pointed out that as beam width 
increased the net sectional stress decreased and they 
concluded that net section stress was not a valid 
index for the fracture in concrete.
16Walsh examined the problem of crack 
initiation in plain concrete and carried out an 
experimental programme consisting of two series of 
tests: one on beams with sharp, zero-angle preformed
cracks and the other on beams with right-angle re­
entrant notches. The principal experimental 
variables were mix proportions and specimen size.
Test results indicated that the effect of specimen size 
was clearly in accordance with the theoretical effect.
He claimed that if proper tests were to be carried out 
to determine the fracture toughness, the beams had to 
be of sufficient depth for the crack length to be 
substantially greater than, say twice, the transitional 
value of 45 mm. Walsh suggested that difficulties 
in the earlier attempts to determine the fracture 
parameters were a result of small specimen size 
and that a depth of at least 150 mm would be required.
He indicated that provided this 150 mm size was 
exceeded, the specimens would have constant fracture 
toughness parameters with increasing depth.
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Generally , it has been observed that the critical 
stress-intensity factor (K̂ ) decreases with increasing
cast notch-to-depth ratio for cement pastes^'
. 15, 18 15 1«mortars and concretes ' . These results
substantiate Walsh's comments regarding the effect of
specimen size upon the value of fracture toughness.
It may be noted that In the literature presented 
so far, most authors have ignored the effect commonly 
referred to as slow crack growth. This phenomenon, 
which originates at the tip of the notch before the 
maximum load has been attained was investigated by 
Welch and Haisman ^. They found that values of fracture 
toughness were significantly affected by the mode of 
calculation and by the basic assumptions made. The 
research conducted by Welch and Haisman incorporated 
beam specimens with different types of notches 
(including some cast against razor blade tipped formers) 
and also with saw-cuts of various depths. A wide range 
of cement pastes, mortars and concretes was examined.
The load-deformation curves were analysed by a compliance 
technique for the evaluation of equivalent notch depth 
or slow crack growth. Welch and Haisman determined 
the compliance at the start of rapid crack propagation 
as the gradient of the line drawn from the zero 
stress to the point of maximum load. The test
29
results obtained indicated that the values of Gc
varied by as much as 250% depending on the type of
assumption adopted for its calculation and also that
the type of concrete used had considerable influence
on the resulting value of G .c
Welch and Haisman concluded that the fracture 
mechanics concepts would undoubtedly be applied to 
the study of crack propagation and failure in concrete. 
They claimed however, that to compare results, it would 
be necessary for investigators to follow more uniform 
test procedures, as is common with metals, and to make 
certain allowances for such uncertain parameters as 
stress concentrations due to notches, elastic moduli 
values and slow crack growth. They also suggested that 
in order to obtain more precise experimental results in 
the determination of G , more care should be taken to 
improve the quality of cement paste, increase the solid 
volume fraction of cement paste, improve the aggregate 
characteristics and reduce any discontinuities and 
cracks existing prior to loading.
20 .Brown used a cyclic testing method to determine 
crack growth by finding the change in compliance between 
the first cycle (of known notch depth) and subsequent 
loading cycles. Brown claimed that non-linearity of 
the load-displacement graph made the determination of the 
compliance the least accurate part of his analysis. Where­
as Welch and Haisman had used secant values to the maximum
30
load, Brown took a linear approximation to the straightest 
portion of the load-displacement plot. In cases where 
the plot was almost uniformly curved, the tangential 
slope to every cycle was taken at the same load for 
successive curves. To calculate G from the K values, 
Welch and Haisman used the dynamic modulus as elastic 
modulus. Because of slow crack growth, Brown found that 
the static modulus, calculated from the compliance of 
the unnotched specimens by using a linear approximation 
to the load-displacement curve, was more appropriate.
Apart from the notched-beam techniques, Brown 
also made use of a double-cantilever method which avoided 
the necessity to determine crack growth. This technique 
is described in greater detail in Chapter Four. Brown's 
test results showed that:
(i) there was little change in fracture toughness 
with crack growth for cement paste specimen,
(ii) the fracture toughness of mortar increased with 
crack growth in the range 10 to 100 mm and
(iii) the initiation of crack growth in both pastes 
and mortars occurred at a lower stress intensity 
than that required to keep the crack moving.
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21 .Brown later replied to Walsh's comment that 
the fracture toughness parameters were not material 
constants for small beams. Brown admitted that the 
effect of slow crack growth could be quite insignificant 
if the specimen used was large enough. But he added 
that if slow crack growth was taken into account with 
smaller specimens, the application of fracture mechanics 
would still be valid, and he was instrumental in predicting 
the complete stress-strain behaviour of glass-fibre 
reinforced cement paste specimens quite accurately.
Cook and Crookham appropriately summed up the 
research carried out to date on the applications of 
fracture mechanics to concrete. They pointed out that, 
in general, the experimental techniques and ¡methods of 
analysis adopted have had a significant influence on 
the dependence of fracture toughness upon crack length 
and specimen size. They also remarked that the use of 
large specimens in laboratory experimental work was 
usually supported, even though it had the disadvantage 
of cumbersome specimen preparation and of limiting the 
testing of fracture toughness to a small number of 
properly equipped laboratories. They concluded by 
taking the view that, in any case, the use of fracture 
toughness testing appeared to be suitable for comparative 
purposes and for the study of fracture in materials.
32
2-2.2. Current Investigations on "Slag Concrete"
Various investigations have already been carried
out on the strength and elastic moduli of blast furnace
2 3slag and steelplant slags as well as on the utilisation 
of slag as an aggregate in concrete24' 25' 26' 27. 
However, very little, if any, research has ever been 
reported on the application of the fracture mechanics 
principles to granulated slag concrete.
33
CHAPTER THREE - EXPERIMENTAL INVESTIGATION USING
SLAG CONCRETE
The fracture toughness of several concretes was 
determined by flexural tests on specimens containing 
flaws of various depth cast at the centre of the 
tensile surface. The fracture toughness of mortars 
was investigated using two different procedures. The 
first involved conducting flexural tests on beam 
specimens similar to those described above for concrete 
and the second consisted of testing small double­
cantilever beams with crack-guiding grooves. The 
effects on the fracture toughness of variations in the 
following parameters were examined: depth of notch, 
water-cement ratio, curing time and type of fine 
aggregate.
The compressive strength of each mix was 
concurrently obtained from the cylindrical specimens 
and the relationship between strength and fracture 
toughness determined.
3.1 Materials and Choice of Mixes
The materials used in the concrete mixes 
consisted of Type A Portland Cement, granulated blast 
furnace slag from the Port Kembla Steelworks (refer to 
Appendix 1 for slag properties) and crushed basalt from 
a quarry at Albion Park Rail. The slag was of -9.5 mm 
size and the crushed basalt of -19.5 mm size (see
34
Appendix 2 for sieve analyses). The mix ratio for all 
mixes was kept constant at one part cement, 2.65 parts 
fine aggregate and 4.05 parts coarse aggregate. The 
water-cement ratios under consideration were in the 
range of 0.5 to 1.0. No additives were used in any of 
the mixes.
3.2 Specimen Description
The nominal dimensions of the flexural specimens 
for the concrete series were 150 mm x 150 mm x 520 mm.
A 30 degree included angle notch with a sharp edge was 
cast at the centre of the tensile surface of the 
specimens. The nominal flaw depths used were 25.4 mm, 
50.8 mm and 76.2 mm. The nominal dimensions of the 
double-cantilever beam mortar specimens were 50 mm x 
100 mm x 300 mm. These beams were in the form of a 
long prism with two crack-guiding grooves cut 
symmetrically along their lengths and a crack-starter 
notch joining the grooves at one end. This means that 
the specimens consisted of two beams joined along part 
of their lengths.
The nominal size of the cylindrical moulds was 
300 mm in length and 150 mm in diameter. Account was 
taken for any variation in the nominal dimensions 
which occurred during fabrication and actual dimensions 
of the specimens were measured during the testing
stage.
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3.3 Fabrication and Curing
3A volume of 0.05m was prepared for each concrete 
mix, sufficient to manufacture 4 flexural specimens and 
3 standard cylinders. This volume was also prepared 
for each of the two mortar mixes, to manufacture 4 
flexural specimens, 3 standard cylinders and 2 double­
cantilever beam specimens. A 0.06m capacity mixer was 
used. Prior to mixing, the aggregates were surface 
dried on a drying table using a battery of lights (see 
Appendix 3). The mixing procedure used complied with 
that of A.S. 1012, Part 2-1971, "Method for mixing 
concrete in the laboratory" (see Appendix 4 for 
details). After each mix, a slump test was carried 
out to give a measure of the concrete workability 
(Appendix 5). The mixes were then poured into the 
prepared prismatic and cylindrical steel moulds and 
allowed to harden. Approximately 24 hours after 
casting, the specimens were removed from their moulds 
and placed in a constant humidity room for curing.
The specimens were taken from the constant humidity 
room at various ages and immediately tested (Appendix 
6).
3.4 Test Procedure
The procedure used for the capping and testing 
of the concrete cylinders was generally in accordance 
with A.S. 1012, Part 9-1973, "Method for the 
Determination of the Compressive Stength of Concrete
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Specimens". The steps used in determining the flexural 
strength of the concrete beams were in accordance with 
A.S. 1012, Part 11-1972, "Method for the Determination 
of the Flexural Strength of Concrete Flexure Test 
Specimens". Full details of the test apparatus and 
procedures are described in Appendices 7, 8 and 9.
37
CHAPTER FOUR - EXPERIMENTAL RESULTS
The details of specifications for the various 
mixes prepared are presented in Table 1. Continuous 
records of load and deformation were kept during each 
test. The results of the flexural tests conducted on 
all the concrete beams are presented in Tables 2 
through 7. From the two mortar mixes K and L, notched 
beams in addition to double-cantilever beams were 
prepared and tested. The results of the flexural 
tests carried out on all these beams are tabulated in 
Tables 8 and 9. The results of compression tests 
carried out on the cylinders for all mixes are 
specified in Tables 10 through 19. The load­
deformation relationships for concrete beams containing 
granulated slag as the fine aggregate (mixes A, B and 
C) are plotted in Figures 2, 3 and 4. The load 
deformation relationships for concrete beams with sand 
as fines (mixes H and J) are plotted in Figures 5 and 
6.
The stress intensity factor K for beams 
containing a notch in the centre of the tensile 
surface was calculated from an expression developed by 
Buekner for the homogeneous beam shown in Figure 13, 





Figure 2 - Load - Deflection Relationships for Mix 'A'
Figure 3 - Load - Deflection Relationships for Mix ' B'
5 (10 m̂m) S (10 m̂m)
Figure 4 - Load - Deflection Relationships for Mix 'C
def- (10 2mm) def- (10 2mm)











Figure 6 - Load - Deflection Relationships for Mix ' J'





where h (c/d) is a function of c and d specified by
h (c/d) = 10.08(c/d)2 -1.225 (c/d) + 0.1917 
and c = notch length, 
d = beam depth, 
w = beam width, and 
M = applied bending moment.
The Bueckner equation was chosen for the 
determination of the values of K for two reasons:
a) The experimental procedure followed in this 
investigation agrees closely with the one 
adopted by Bueckner, and
13b) other authors have previously conducted 
this type of research with mortars and 
concrete and have obtained sound results 
using the Bueckner expression.



























A 46 72 . 18 12.6 0.7 2 4 7 28
B 46 72 - 18 14.4 0.8 2 4 - 25 28
C 46 72 - 18 16.2 0.9 2 4 - 150 28
D 46 72 - , 18 12.6 0.7 3 4 - 7 60
E 46 72 - 18 14.4 0.8 3 4 - 25 60
F 46 72 - 18 16.2 0.9 3 4 - 150 60
G 41 63 ■ - 15 12.0 0.8 - 4 - 25 7
H . - 72 46 18 10.8 0.6 2 4 - ■ 25 28
J - 72 46 18 12.6 0.7 2 4 180 28
K 92 - - 36 25.2 0.7 3 4 2 180 28
L — 92 36 25.2 0.7 3 4 2 180 28
Note:- Mixes of the same proportions as Mix A were prepared with W/C ratios 0.5 and 0.6, but 
these were found to be dry to very dry (zero slumps).
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TABLE 2 - MIX 'A' - FLEXURAL SPECIMENS
DEPTH OF NOTCH
ZE.RO 25 mm 50 mm 75 mm
Load Def- Load Def— Load Def- Load Def-
(kN) (10"'2mn) (kN) (10 m̂m) (kN)
CNJ1o 1—1 (kN) (10-2nm)
0 0 0 0 0 0 0 0
2 1 2 2 1 1 1 10
4 3 4 3 2 3 2 25
6 4 6 3.5 3 5 3 100
1 8 5 8 4 4 7 4 110
10 7 10 4 5 10
12 8 12 5 6 12
14 10 13 6 7 15
16 12 8 17
18 14 9 20
P = ^max 18kN P =*ITBX 15kN P = ^max lOkN P = irax 4.2kN
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TABLE 3 - MIX 'B' - FLEXURAL SPECIMENS
DEPTH OF NOTCH
ZERO 25 mm 50 mm 75 mm
Load Def- Load Def- Load T-, ,-n Def— Load .cPDef—(kN) (10-2nni) (kN) (10, ̂rtm) (kN) (10_2mm) (kN) (10 r̂rm)
0 0 0 0 0 0 0 0
2 2 2 5 2 2 1 4
4 6 4 8 4 4 2 9
6 13 6 12 6 8 3 14
8 16 8 15 8 12
10 20 10 17 10 17






P = 23kN p = 14kN P = 11.6kN P = 4.3kNrniax rraax max max
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TABLE 4 - MIX - FLEXURAL SPECIMENS
DEPTH OF NOTCH

















0 0 0 0 0 0 0 0
2 1 2 1.5 1 1.5 1 1.5
4 2 4 3 2 2.5 2 3
6 3 6 4 3 3.5 3 5
8 4 8 5 4 4.5
10 4.5 9 8 5 5
12 5 10 12 6 6
14 6 7 7
16 7
P == 16.7kN P == 10.7kN P = Mnax 7.2kN P = max 3.9kN
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TABLE 5 - FLEXURAL SPECIMENS
DEPTH OF 
NOTCH
MAXIMUM FLEXURAL LOAD (kN)
Mix D Mix E Mix F Mix G
ZERO 17.9 23.3 19.2 22.4
25 mm 14.8 15.0 13.6 14.0
• 50 mm 9.7 12.0 9.0 11.5
75 mm 4.0 5.8 4.5 4.3
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TABLE 6 - MIX 'H' - FLEXURAL SPECIMENS
DEPTH OF NOTCH

















0 0 0 0 0 0 0 0
2 3 2 1 2 5 1 1
4 5 4 2 4 9 2 2
6 7 6 3 6 12 3 3
8 8 8 3.5 8 14 4 4
10 9 10 4 10 16 5 5
12 10 12 5
14 10.5 14 6




P = r̂nax 24.3kN P =rHBX 16.2kN P = max 10.5kN P = max 5.9kN
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TABLE 7 - MIX ’J' - FLEXURAL SPECIMENS
DEPTH OF NOTCH

















0 0 0 0 0 0 0 0
2 1 2 1 2 2 1 0.5
4 2 4 1.5 4 4 2 1
6 4 6 2 6 6 3 1.5
8 5 8 2.5 8 8 4 2
10 6 10 3.5 10 10 5 4





P = max 21.8kN P “ *max 13.6kN p = 11.4kN ^max P " max 5kN
52
TABLE 8 - MIX 1K 1 - FLEXURAL SPECIMENS 
(a) Notched - Beam Test Results
DEPTH OF NOTCH

















0 0 0 0 0 0 0 0
2 4 1 0.5 1 0.5 0.5 0
4 6 2 1 2 2 1 0.5
6 8 3 1.5 3 4 1.5 0.5
8 9.5 4 2.5 4 5 2 1
10 11 5 3.5 5 6 2.5 1.5
12 12 6 4 6 7 3 2
14 13 7 5 7 9 3.5 3
16 14.5 8 6 4 4
18 16 9 7 4.5 4.5
20 17 10 8
p = 21.3kN P == lOkN P = 8kN P = 5kNmax max max max
(b) Double-cantilever test results
Failure loads for Mix K = 0.40kN, 0.35kN 
Mean failure load = 0.375kN 
2 2 2 yFrom equation 15, K* = 12p .ac _̂____ t
bwh^
Where £ = 1 + 1 . 3 2  ^2^ + 0.532
=  2.12
This gives K ’ = 245kN/m3
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TABLE 9 - MIX * L' - FLEXURAL SPECIMENS 
(a) Notched - Beam Test Results
DEPTH OF NOTCH
ZERO 25 mm 50 mm 75 mm
Load J.TÌDef— Load Def- Load Def— Load ^ ¿.ri Def—(kN) (10 m̂m) (kN) (10 îrm) (kN) (10 îren) (kN) (10 îrm)
0 0 0 0 0 0 0 0
2 5 2 2 1 1 1 2
4 6 4 4 2 1 2 4
6 7 6 6 3 2 3 6
8 8 8 8 4 3 4 8
10 10 10 9 5 4 5 9
12 11 12 11 6 4
14 12 7 5
16 13 8 6
18 13
20 14
p__= 36kN p = 12.7kN P = 8.7kN P = !5.4KNmax -max ‘max Mnax
(b) Double-cantilever Beam Test Results
Mean failure loadf p = 0.48kNc
Again, using equation 15,
K*c 12 x (0.48)2x (0.075)2x 2.12 0.05 x 0.05 x (0.05)3
325kN/m3/2
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COMPRESSION TEST RESULTS 
OF CONCRETE CYLINDERS
TABLE - 10 - MIX 'A1









Max. Load = 116kN
Max. Load for other Cylinders Tested = 150kN, 142 kN
Cylinder Dimensions: *2
. 2 Cross-Sectional Area = 0.0177m
Length = 0.30m
Mean Uniaxial Compressive Strength = p
A
= 142 + 150 x 1
2 .0177
= 8.2MPa




TABLE 11 - MIX 'B'









Max. Load = 213kN
Max. Load for other Cylinder Tested = 225kN
Cylinder Dimensions:
2Cross-Sectional Area = 0.0172m
Length = 0.30m
Mean Uniaxial Compressive Strength = p
A
= 213 + 225 x 1
2 .0172
= 12.7MPa
3Elastic Modulus = E — pT = (90-60)x 10 x 0.30
6A (50-27.5)x 10_6x .0172
23300MPa
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TABLE 12 - MIX 'C









Max. Load = 127kN
Max. Load for other Cylinder Tested = 138kN
Cylinder Dimensions;
. 2Cross-Sectional Area = 0.0175m
Length = 0.29m
Mean Uniaxial Compressive Strength = p
A
= 127 + 138 x 1
2 .0175
= 7.6MPa
3Elastic Modulus = E = pi = (70-50)x 10 x 0.29
^  (50-32.5)x 10_6x .0175
18900MPa
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TABLE 13 - MIX 'D'












Max. Load = 200kN


















TABLE 14 - MIX 'E'
















Max. Load = 205kN
Max. Load for other Cylinders Tested = 260, 260kN
Cylinder Dimensions: 2
2Cross-Sectional Area = 0.0175m
Length = 0.30m
Mean Uniaxial Compressive Strenqth = p _ 260A .0175
= M.tMPa
Elastic Modulus = pi = 34300MPa
6A
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TABLE 15 - MIX 'F'












Max. Load = 167kN








_ 156 + 167 „ 1
2 x .0177
= 9.1 MPa
Elastic Modulus = = (60-30) x 102 x 0.28
0A (15-2) x 10-t> x .0177
36500 MPa
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TABLE 16 - MIX 'H'














Max, Load = 356kN
Max. Load for other Cylinder Tested = 340kN
Cylinder Dimensions;
2Cross-Sectional Area = 0.0177m
Length = 0.29m
Mean Uniaxial Compressive Strength
= 340 + 356 x 1
2 .0177
= 19.7MPa
Elastic Modulus = E = pi = (120-90)x 10 x 0.29
^  (40-25)x 10-6 x .0177
32300MPa
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TABLE 17 - MIX 'J*














Max. Load = 380kN
Max. Load of other Cylinder Tested = 395kN
Cylinder Dimensions:
2Cross-Sectional Area = 0.0177m
Length = 0.30m
Mean Uniaxial Compressive Strength
= 380 + 395 x 1
2 .0177
= 21.9MPa




TABLE 18 - MIX 'K*




















Max. Load = 195kN
Max. Load for other Cylinders Tested = 185kN, 198kN
Cylinder Dimensions;
2Cross-Sectional Area = 0.0175m
Length = 0.29m
Mean Uniaxial Compressive Strength = pA
= 195 + 185 + 198 x 1
3 .0175
= 11 .,0 MPa
3Elastic Modulus E = pi = (140-90)xl0 x 0.29
^  (44-23)x 10-6x .0175
39,500MPa
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TABLE 19 - MIX *L'

















Max- Load = 470kN
Max. Load for other Cylinders Tested = 495kN, 524kN
Cylinder Dimensions:
2Cross-Sectional Area = 0.0175m
Length = 0.29m
Mean Uniaxial Compressive Strength = pA
= 495 + 470 + 524 x
= 28.4MPa
.0175
Elastic Modulus E — pi — (280 220)x 10 x 0.29
6A (150-114)x 10_6x .0175
27600MPa
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A pseudo-stress intensity factor K' was 
obtained for the concrete specimens by assuming 
concrete to be homogeneous. K' is a function of the 
instantaneous value of c. Slow crack growth increases 
the crack length to c + Ac, but for the purposes of 
this simple experimental investigation the calculated 
values for K' are based on the original notch depth, c.
The pseudo-fracture toughness was determined 
by substituting Mmax and the original notch depth c in 
Equation 14. The calculated values of for all 
beams of the type shown in Figure 7 are presented in 
Table 20.
The expression used to determine the critical 
stress intensity factor for the mortar double-
1;cantilever beams was that derived by Swanson and Gross 
for the beam shown diagrammatically in Figure 8 .
K-2 — 12 p2a2C .....  (15)c *c
bwh^
where K 1 c = critical stress intensity factor,
pc = critical load,
h = cantilever beam height,
b = cantilever beam width,
a = crack length,
w = web width, and
Z = 1 + 1.32 ^h\ + 0.532 ^ h^2
TABLE 20 - CALCULATION OF FRACTURE TOUGHNESS, Kj.
USING THE BUECKNER EXPRESSION C
Mix (c/d) h(c/d) p (kN) rmax — 1 (m) M (kN-m) w (m) K’„ (kN/m3/* )
0 0.1917 18.0 .52 1.56 .15 375
A
1/6 0.2675 15.0 .52 1.30 .15 370
1/3 0.9034 10.0 .52 0.86 .15 449
2.0992 4.2 .52 0.36 .15 287
0 0.1917 23.0 .52 1.99 .15 479
B
1/6 0.2675 14.0 .52 1.21 .15 344
1/3 0.9034 11.6 .52 1.00 .15 522
35 2.0992 4.3 .52 0.37 .15 295
0 0.1917 16.7 .52 1.45 .15 348
1/6 0.2675 10.7 .52 0.93 .15 264C 1/3 0.9034 7.2 .52 0.62 .15 324
¡5 2.0992 3.9 .52 0.34 .15 271
0 0.1917 17.9 .52 1.55 .15 375
D
1/6 0.2675 14.8 .52 1.28 .15 364
1/3 0.9034 9.7 .52 0.85 .15 439
35 2.0992 4.0 .52 0.35 .15 279
Mix (c/d) h(c/d) p (kN) 1 (m) M (kN-m) w (m) K' (kN/itî 2' ) —c
0 0.1917 23.3 .52 2.02 .15 486
1/6 0.2675 15.0 .52 1.30 .15 370
E 1/3 0.9034 12.0 .52 1.04 .15 543
¡i 2.0992 5.8 . 52 0.50 .15 398
0 0.1917 19.2 .52 1.66 -15 399
1/6 0.2675 13.6 .52 1.18 .15 335
F 1/3 0.9034 9.0 .52 0.78 .15 407
h 2.0992 4.5 .52 0.39..... .....15 310
0 0.1917 22.4 .52 1.94 .15 467
1/6 0.2675 14.0 .52 1.21 .3-5 344
G 1/3 0.9034 11.5 .52 1.00 .15 522
h 2.0992 4.3 .52 0.37 .15 295
0 0.1917 24.3 .52 2.11 .15 508
1/6 0.2675 16.2 .52 1.40 .15 398
H 1/3 0.9034 10.5 .52 0.91 .15 475
H 2.0992 5.9 .52 0.51 .15 406
O'»
o\
Mix (c/d) h(c/d) P (kN) rmax — ' 1 (m) M (kN-m) w (m) K* (kN/m^ ) —c
0 0.1917 21.8 .52 1.89 .15 455
1/6 0.2675 13.6 .52 1.18 .15 335J 1/3 0.9034 11.4 .52 0.99 .15 517
2̂ 2.0992 5.0 .52 0.43 .15 342
0 0.1917 21.3 .52 1.85 .15 445
K 1/6 0.2675 10.0 .52 0.87 .15 2471/3 0.9034 8.0 .52 0.69 .15 360
h 2.0992 5.0 .52 0.43 .15 342
0 0.1917 36.0 .52 3.12 .15 750
L
1/6 0.2675 12.7 .52 1.10 .15 315
1/3 0.9034 8.7 .52 0.75 .15 390




- General Arrangement of the Double 
Cantilever Beam Specimens
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If the specimen is regular and of uniform web 
width, the load required for crack propagation will
decrease as crack length increases. But if the web
. owidth is not uniform and w = a £k, where k is a
constant, then the equation becomes
2 2 K ,Z = 12p kc *c ,
bh3
so that the effect of increasing crack length upon pc
is exactly balanced by the increasing web width, and
can be measured without determining a. Then, is
directly proportional to p and, if K* is constant, thec c
crack will propagate at a constant load.
4.1 Ef fect of Variations in Concrete Parameters
on K'----c
(1) Depth of Notch
The effect of notch depth on the maximum flexural 
load attained for the various concrete mixes considered 
is shown graphically in Figures 9, 10 and 11. It will 
be observed that in all cases, there is a steady 
decrease in the maximum flexural load from approximately 
20 kN for the unnotched beam to 5 kN for the beam cont­
aining a 75 mm deep notch.
The effect of notch depth on the effective 
fracture toughness of the above mixes is indicated in 
Figures 12, 13 and 14 . A definite trend is again 


































- E ffe c t of Notch Depth on Maximum Flexural














O Mix 'H' 
• Mix *J'
Figure 10 - E ffe c t of Depth of Notch on the Maximum
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O Mix 'D'
• Mix 'E' 
□ Mix 'F'
Figure 11 - E ffe c t  of Notch Depth on Maximum Flexural













0 0.1 0.2 0.3
O Mix 'A' 
0 Mix 'B' 
□ Mix 'C'
0.4
Figure 12 - E ffe c t  of Notch Depth on E ffe c tive
Fracture Toughness of 's lag ' Mixes
















igiire 13 - E ffect of Notch Depth on E ffective  Fracture

































O Mix 'D' 
• Mix 'E' 
n Mix 'F'
Figure 14 - E ffe c t  of Notch Depth on E ffe c t iv e
Fracture Toughness fo r 's la g ' Mixes
Cured fo r 60 Days
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containing 25 mm and 75 mm deep notches are similar 
and the peak value of Kt occurs for a notch depth of 
50 mm.
The effect of notch depth on the effective 
fracture toughness of mortar mixes K and L is shown in 
Figures 15 and 16 respectively. It will be noted that 
for both these mixes, the fracture toughness of the 
unnotched beam is significantly higher than that of any 
of the mortar notched beams. This is a contrast with 
the results found for the concrete mixes where the peak 
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Figure 15 - Effect of Notch Depth on Effective
Fracture Toughness of Mortar Mix K, 
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16 - Effect of Notch Depth on Effective
Fracture Toughness, , of Mortar Mix L, 
Containing Sand as Fine Aggregate
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(ii) Water-cement Ratio
The influence of variations in the water-cement 
ratio on the effective fracture toughness of the 
concrete mix series may be established from Table 20. 
Mixes A, B, and C have identical composition and curing 
period (28 days) but have a water-cement ratio of 0.7,
0.8 and 0.9 respectively. By comparing the beams of 
corresponding notch depths for each of these mixes, it 
can be noted that mix B has the highest fracture 
toughness values.
Similarly, mixes D, E and F have identical 
composition and curing time (60 days) but have water- 
cement ratios of 0.7, 0.8 and 0.9 respectively. A 
comparison of results for these three mixes reveals 
that the largest fracture toughness values occur in mix 
E (same water-cement ratio as mix B).
Mixes H and J have the same composition and 
curing period as mixes A, B and C, but contain sand, 
instead of slag, as the fine aggregate. Mix H has a 
water—cement ratio of 0.6 and a slump of 25 mm, while 
mix J has a water-cement ratio of 0.7 and a slump of 
180 mm. These results indicate that mix J may contain 
too much water. The K* figures obtained for the two 
sand mixes are shown in Table 20 and mix H, with its 
lower slump, gives the higher values of fracture 
toughness.
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(iii) Type of Fine Aggregate
The effect of fine aggregate type on the effective 
fracture toughness of the concrete mixes can be readily 
obtained with reference to mixes A and J in Table 20. 
These two mixes are identical in all respects with the 
exception that mix A contains slag as fines, while mix 
J contains sand. It can be observed that the values 
°f for the sand mix (mix J) are approximately 20% 
greater than those for the slag concrete (mix A). 
Furthermore, it will be noted that mix H, having a water- 
cement ratio of 0.6 and beach sand as fine aggregate, 
gives higher values of than any of the "slag" 
concrete mixes considered in this series.
The effect of varying the fine aggregate in mortar 
mixes K and L on the final value of may also be 
established from Table 20. Mix K, containing slag, 
has measurably lower values of fracture toughness than 
the sand based mix L, especially in the case of the 
unnotched beam. This trend was previously noted when 
the double-cantilever method was used.
(iv) Curing Time
The effect of curing time of the mixes on their 
resultant value of fracture toughness can be seen 
clearly in Figure 17. Mixes B, E and G are identical 
apart from their curing periods of 28, 60 and 7 days 
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Figure 17 - Effect of Curing Time on Effective
Fracture Toughness of Concrete Mixes
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there are insignificant changes in fracture 
toughness of the notched beams considered for curing 
periods between 7 and 28 days. A more significant 
increase in fracture toughness can be noted, however, 
for curing periods between 28 and 60 days, especially 
for the 75 mm notch depth.
4.2 Compressive Strength and Elastic Moduli
Evaluation of Chosen Mixes
Results of compressive strength tests carried 
out on the concrete cylinders for each of the various 
mixes considered are presented in Tables 10 through 17. 
Each table displays a record of the load-deformation 
measurements taken during loading, <up to two-thirds of 
the estimated failure load (to ensure coverage of the 
elastic region). Following each table, calculations of 
the mean uniaxial compressive strength and elastic 
modulus of each mix are shown.
It will be noted that in some mixes (A, D, E, F) 
there are significant differences (as much as 40%) in 
the resulting maximum loads for the cylinders tested. 
These variations are generally due to the fact that mixes 
of certain water/cement ratios are quite prone to 
segregation, the mechanical separation of fine and coarse 
mix constituents. In some cases, bleeding also occurs, 
with the result that the mix water rises to the surface 
of the freshly prepared concrete. It has been further 
noted that during the mixing process the slag (with its 
rough texture and angular shape) appears to absorb a 
substantial amount of the available mixing water, often
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reducing the effective water content of the mix below 
a level necessary for adequate workability and cohesion. 
There were also significant variations in relative 
humidity recorded between the days of mix preparation.
Mix A was prepared at 28% relative humidity, mix D at 
48-6, mix E at 61% and mix F at 67%. Segregation, 
bleeding, a reduction in the effective water content 
and wide variations in relative humidity at the time 
of mixing, are all factors which tend to produce a 
non-homogeneous concrete.
In order to account for the differences in 
failure loads when calculating the mean uniaxial compressive 
strength of the above four mixes, the following 
procedure was adopted:
(i) the three values of maximum load were carefully 
examined and the mean of the closest two values was 
determined;
(ii) if there was a greater than 10% difference between 
this mean value and the third failure load value, then 
the latter was not used in the computation of the mean 
uniaxial compressive strength.
Examination of Tables 10 through 17 show that 
there is a close relationship between uniaxial compressive 
strength and effective fracture toughness. Clearly, by 
considering mixes A, B, and C, the uniaxial compressive 
strength follows a trend very similar to that of the
83 (a)
effective fracture toughness (mix B yielding the 
highest of each of these parameters). The same pattern 
can be observed for mixes D, E and F , with mix E 
exhibiting the highest compressive strength and 
fracture toughness.
It can also be noted that mixes H and J, 
containing sand as fine aggregate, yield significantly 
higher values of uniaxial compressive strengths and 
elastic moduli than the slag mixes A to F. From 
Section 4.1 (iii), it was found that sand mixes 
exhibited values of K* approximately 20 per cent 
higher than those of the slag mixes. These observations 
further substantiate the foregoing positive correlation 
drawn between fracture toughness and uniaxial compressive 
strength.
The relation between the uniaxial compressive 
strength of mortar mixes containing sand and slag as 
fine aggregate may be observed from Tables 18 and 19.
Mix L, containing beach sand, yields a much greater mean 
uniaxial compressive strength than the slag based 
mix K. This result substantiates the trend established 
for the concrete mixes.
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CHAPTER FIVE - DISCUSSION OF RESULTS 
5•1 Behaviour of Fracture Toughness Specimens
The behaviour of the fracture toughness 
specimens is illustrated by the load-deformation curves 
shown in Figures 2 through 6. It may be observed that 
all these curves exhibit four basic stages of behaviour. 
In the first stage (linear), the load-deflection curve 
goes through a series of one or more straight lines of 
decreasing slope. In the second stage (microcracking), 
the curve slowly deviates from a straight line. In the 
third stage (slow growth), the deflections increase 
rapidly with a small increase in load. In the fourth 
stage (fracture), the deflections increase with no 
further increase in load, yielding the maximum value of 
flexural load. It will be noted that there is a 
strikingly similar pattern between the above load­
deformation curves and the ones for conventional
14concretes and mortars established by Naus and Lott .
5.2 Effects of Variations in Concrete Parameters 
on the Effective Fracture Toughness
(i) Depth of Notch
The steady downward trend in the values obtained 
for maximum flexural load with increasing notch depth 
(Figures 9 to 11 inclusive) could be anticipated, 
since the beams are progressively weakened by the
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introduction of larger crack sizes. However, this 
expected pattern is not evident in the case of the 
effective fracture toughness (Figures 11 to 13 
inclusive), where there is a substantial increase in 
the figures at a (c/d) ratio of 1/3. This sudden 
"jump" in the effective fracture toughness values may 
be explained by the fact that, in the calculation of 
from Bueckner's relation (Equation 14), the 
significant increase in the value of the function 
h(c/d) at a (c/d) figure of 1/3 has an overriding effect 
on the decreasing magnitude of the bending moment (see 
Table 20).
(ii) Water-cement Ratio
By referring to Table 20, it is clear that 
changes in the water-cement ratio of both slag and 
sand mixes have a very marked influence on the resulting 
values of fracture toughness. It can also be deduced 
from this table that, of all the slag mixes considered 
(mixes A to G) , mixes B and E (both with water-cement 
ratio of 0.8 and giving the optimum slump) yield the 
maximum values of K^. These observations may be 
explained by the fact that fracture toughness is a 
function of the strength of the cement paste matrix 
which in turn depends upon the gel—space ratio. When 
the water-cement ratio of the slag mixes is increased 
beyond 0.8, the gel-space ratio is decreased and this 
results in a reduction in strength and K^. Slag mixes
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with a water-cement ratio of 0.7 or less are, by virtue
of the slump test results (see Table 1), dry to very
dry, and therefore give much lower values of K'.c
It can also be noted that for comparatively 
similar values of K^, the sand mixes H and J have lower 
water-cement ratios than slag mixes B and E. The 
explanation for this phenomenon is that, due to its 
porosity, granulated slag has a measurably higher water 
absorption than that of sand.
(iii) Type of Fine Aggregate
All other parameters being equal, it appears that,
in general, concrete mixes with sand as fine aggregate
exhibit higher values of K* than slag mixes (byc
approximately 15 to 20%), irrespective of the method 
used to determine this parameter. However, by optimising 
the water-cement ratio of the slag mixes, the difference 
in the figures between slag and sand mixes may be 
reduced to less than 10%.
(iv) Curing Period
Examination of Figure 17 shows that there is a 
very marginal change in slag concrete fracture toughness 
for curing periods between 7 and 28 days. However, a 
more sizable increase (some 10%) in the values of 
can be observed for slag concrete beams cured for 
greater than 28 days, this being especially evident in 
the case of beams with large notches. For instance,
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the value of for the 75 mm notch depth beam was 295 
kN/m^2 after 28 days' curing and 398 kN/m*^2 after 60 
days. This is a gain of approximately 35%. The 
reasons for the increase in effective fracture toughness 
with age are twofold:
a) there is continuous hydration of the cement 
particles to produce higher matrix strength, 
and
b) the matrix-aggregate bond strength increases 
with time.
5.3 Comparison of Procedures
In general, the values of fracture toughness 
determined for mixes K and L by the notched beam 
technique and the double-cantilever method are quite 
similar (compare the values of of double-cantilever 
beams with those of beams containing a 25 mm deep 
notch). The above results substantiate the following 
observations previously made by Brown who 
experimentally measured the fracture toughness of 
cement pastes and mortars by the same procedures as 
those adopted here:
1. The double-cantilever beam technique is more 
straightforward than the notched beam, the 
analysis is easier and the error in the value 
of k ' is independent of crack growth.
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2. The correction terra (for crack growth) in 
the notched-beam technique becomes less 
reliable as it becomes larger, so that the 
method is not really suitable for mortars, 
where the toughness changes with crack 
propagation.
3. The notched-beam is found to be more 
economical than the double-cantilever beam 
test, which uses a very large volume of 
material to test a relatively narrow area 
of fracture.
4. Mould and specimen construction is much 
simpler with a notched-beam.
On balance, the double-cantilever method appears 
more suitable for exploring the basic mechanism of 
crack propagation, especially in the case of pastes and 
mortars. The notched-beam tests may be used in less 
exact experiments on the more practical concrete mixes.
Irrespective of the method used to determine 
fracture toughness, the basic mechanism of failure in 
concrete is well established — a gradual growth of 
microcracks leads to the formation of interconnected 
macrocracks yielding eventual collapse. A knowledge 
of crack patterns in concrete is therefore useful for 
the study of such mechanical properties, as fracture 
toughness. Because of the inhomogeneity and variable
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quality of concrete, normal non-destructive techniques 
used for metals, including X-ray radiography and 
ultrasonic pulse reflection are of little use. However, 
one method which was found sensitive enough to detect 
and measure the extent of surface crack propagation in 
concrete specimens is holographic interferometry, and 
it is probably in this field that the research carried 
out in this thesis could be most successfully extended.
The principle of this technique and its associated 
experimental details are covered in Appendix 10. It 
should be noted however, that holography has already 
been applied to concrete specimens of various 
geometries and has been shown to be a sensitive method 
of detecting fine cracks before normal visual detection 
is possible. Quantitative assessments of out-of-plane 
displacements have been made possible and with future 
developments in pulse lasers, the 'freezing' of any 
movement in the observed structure in the field and 
electronic recording of holographic information should 
be made possible.
5.4 Practical Applications of Results
A simple example may be used to illustrate one 
practical application of the results obtained in this 
work. It involves quantitative determination 
of the load required to produce fracture of a concrete 
specimen containing a crack.
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Consider a flat slab of granulated slag concrete, 
0.2 m thick and 0.5 m wide, simply supported on a span 
of 1.2 m and carrying a uniformly distributed load of 
P N/m. Examination of the slab reveals that there is 
a crack of average depth 33 mm across the bottom at 
the middle of the span. If the concrete in the slab 
has a value of K' of 340 kN/m3̂  (established from 
laboratory tests on notched beams), the maximum 
permissible load which can be supported by that slab 
can be calculated.
From Equation 14,
K'c = 6M 
wd'
2d h(c/d)j 35C iÉ
C tt
In this case, c/d = 1/6, which gives a value for the 
function h(c/d) of 0.2675. On substituting the 
appropriate figures in the above equation, a value of 
6.2 kN-m is obtained for the bending moment M. For a 
uniformly distributed load,
M = PI2 
8 ' and hence
P = 8M 
l2
= 8 x 6.2 = 34 kN/m
(1.2)2
Thus, the maximum allowable load that can be
carried by the concrete slab without producing fracture
is 34 kN/m.
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The applicability of the fracture mechanics
concepts and, in particular, of fracture toughness
parameters to practical engineering situations does
not however stop at the solution of basic problems
such as the one shown above. Various authors28'25
have used the critical stress intensity factor, K 1,c
to establish a criterion for both fatigue and fracture.
2 8For instance, Kauffmann used a "mechanistic approach" 
to estimate the fatigue life of flexible pavements 
subjected to loads of variable amplitude and high 
stress levels. He postulated that when the material 
constants, E and K have been determined, the values of 
fatigue tests on beams on elastic foundation may be 
used to predict the life of a pavement slab by means of 
the formula:
where c^ = critical size of flaw at fracture, 
and c q  = "starter flaw" size, leading to 
crack propagation.
He further stated that the fatigue crack 
propagation process in bituminous materials can be 
considered as a stress independent phenomenon. He 
inferred that the fatigue life of pavement slabs 
subjected to loads of variable amplitude can be pre­
dicted from tests on beams resting on an elastic solid 
and concluded by emphasising that the value of K is
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one of the chief criteria in the prediction of the 
fatigue life of pavement.
Comparison of results with those of other research 
workers
As noted in Section 2.2.2, the literature
relating to the application of fracture mechanics to
slag concrete is extremely limited. However, very
similar work has been carried out on conventional concretes
14by such workers as Naus and Lott and, generally,
the results follow a similar trend to those obtained
in this research work, with the exception of the influence
of curing time on the concrete fracture toughness. For
the range of water-cement ratios (0.45 to 0.70)
investigated by Naus and Lott, the values of increased
3/2for curing periods up to 28 days (from 29 kg/cm ' to
68 kg/cm3//8) but remained nearly constant after that
time. The results found here using slag concrete
disagree with the above observations and show marginal
increases in K* values up to 2 8 days curing and greaterc
increases from 28 to 60 days (see Fig. 17) . Although 
it is believed that this difference in trend may be 
largely attributed to the variation in water absorption 
between sand and slag, other likely contributing factors 
are differences in the water cement ratio examined and 
the use of different formulae in deriving the values of
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CHAPTER SIX - CONCLUSIONS
The results obtained in this investigation 
indicate there is little doubt that the energy concepts 
of fracture mechanics can be applied to the crack 
propagation and failure mechanism of both conventional 
and slag concretes. However, because of the hetero­
geneous nature of and crack arresters in concrete in 
general, there is still room for improvement in the 
methods used to determine the fracture toughness 
parameters.
From the compressive and flexural tests conducted 
on the concrete specimens, it is clear that the critical 
strain-energy release rate is a strength determining 
property of the concrete. In both the notched and 
unnotched beams investigated, fracture was at all times 
preceded by a series of developing cracks, usually 
parallel to the loading axis, creating a state of 
internal chaos which led to ultimate failure. Given 
the limitations expressed in the text, the following 
conclusions are believed to be applicable:-
1. The failure mechanism in concrete subjected to 
compressive or flexural loading is the same 
whether the fine aggregate be sand or 
granulated slag.
2. The notch or crack size in slag concrete beams 
has an appreciable effect on the final values 
of its flexural load and fracture toughness -
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generally, the greater the notch depth the
lower the flexural load and K' values. Itc
should be emphasised, however, that the extent 
to which this trend is valid is greatly 
dependent on the experimental procedure used 
to find the above strength parameters.
3. The water-cement ratio is a very significant 
parameter in the determination of the effective 
fracture toughness of slag concrete; 
observations reveal that the highest values of
are achieved by optimising the water-cement 
ratio, that is by finding the mix with optimum 
slump.
4. Generally, concrete mixes using sand as fines 
give marginally higher values of than those 
using slag (keeping all other parameters equal).
But this margin may be minimised by optimising 
the water-cement ratio of the slag concrete mixes.
5. With curing, the effective fracture toughness of
slag concrete displays a trend contrary to that
14 .observed by Naus and Lott for plain concrete 
mixes. This variation may be accounted for by 
the fact that slag has a different water absorption 
quality to sand, although both types of concrete 
recorded a definite increase in K' with time.
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6. The notch depth in mortar beams (both sand and
slag based) has a significant effect on the
resultant values of flexural load and fracture
toughness, even more so than that observed for
concrete beams. Generally, the unnotched
mortar beams yielded a much higher K' valuec
than all other notched beams.
7. Mortar mixes using sand as the fine aggregate 
gave marginally higher values of fracture 
toughness than the slag mortar mixes. This 
result follows the trend noted above for the 
concrete mixes. It should be pointed out, 
however, that only one water-cement ratio was 
investigated with the mortar mixes and hence 
optimisation of this parameter may here again 
minimise this margin.
8. Similar figures of K 1 were obtained for mortar
c
mixes tested by the notched beam technique and 
by the double-cantilever method. It is 
recommended that, generally, the notched beam 
technique be used in less accurate experiments 
on the more practical concrete mixes while the 
double-cantilever method be adopted to observe 
the basic mechanism of crack growth, 
particularly in mortar mixes.
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The author wishes to emphasize that the 
experimental investigation reported in this thesis 
was carried out with the limited facilities available 
to him in the laboratory and the results obtained 
should therefore be treated with caution. It is 
appreciated that no correction was made for possible 
slow crack growth prior to fracture and that the 
computed values of may therefore be, as in the case 
of Romualdi and Batson*s results, "somewhat in error". 
Nevertheless, the simply derived observations and 
conclusions made herein are helpful in that they indicate 
that the Griffith concept of the critical-energy-release 
rate being a condition for rapid crack propagation and 
consequent fracture may be applied to slag concrete 
just as effectively as it had originally been to plain 
concrete. It is hoped that the basic results shown 
in this research can be used as a guide for a more 
sophisticated and more precise experimental determination 
of the fracture toughness of slag concrete in the future.
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APPENDIX 1
Granulated Blastfurnace Slag - 
Production, Properties and Uses
Production of Granulated Blastfurnace Slag
During the smelting of iron ore in the blast­
furnace, the fluxing stone (limestone) is calcined by 
the heat, and dissociates into calcium and magnesium 
oxides and carbon dioxide. The oxides of calcium and 
magnesium then combine with the silica and alumina 
(from the iron ore) to yield slag. When the molten slag 
from the furnace is rapidly cooled by means of high 
pressure water jets and excess water is maintained, the 
slag crystals have no time to form and the slag 
solidifies as a glassy material which takes the shape of 
small granules.
2. Properties of Granulated Slag 
2.1 Chemical Properties
In general, slag consists essentially of silicates 
and aluminosilicates of lime. The principal compound 
is melilite which is a term attributed to any of a series 
of solid solutions from akermanite (represented by 2CaO. 
MgO. 2Si02) to gehlenite (represented by 2CaO. A^O^. 
SiC^). The main chemical constituents of slag generally 




The main chemical constituents of Blastfurnace 
slag and their limits (by mass).
Constituent Percentage Range
Lime (CaO) 3 6 - 4 3
Silica (Si02) 28 - 36
Alumina (Al^) . 1 2 - 2 2
Magnesia (MgO) 4 - n
Total Sulphur (as S) 1 - 2
Total Iron (as FeO or Fe2C>3) 0.3 - 1.7
The amount of iron in the slag has a marked effect 
on its stability. If the slag contains excessive amounts 
of reduced iron oxides, the oxidation of these compounds 
may lead to expansion and even disintegration of the 
slag. Such a condition is easily detected, however, by 
a simple water immersion test.
The sulphur content of the slag is another important 
parameter. For instance, slag containing large amounts 
of sulphur may not be used as filling material for a 
retaining wall or foundations, as the sulphur may react 
with the concrete causing it to fail.
The slag used in the experimental section of this 
research is "Kembla" slag. Its MgO content is generally 
lower than 3%, making gehlenite the predominant compound 
from the melilite series. A typical chemical analysis 
of "Kembla" slag may be found in Table 1.2 below.
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TABLE 1.2 - CHEMICAL ANALYSIS OF "KEMBLA" SLAG
Compound Percentage
Magnesia (MgO) 1.00




Titamium Oxide (Ti02) 0.50
Silicate (Si02) 38.20
Lime (CaO) 39.00
Alumina (A120̂ ) 17.90
Chlorine (Cl) 0.025
Sulphate (SÔ ) 0.050
The iron particles in the granulated slag are 
extensively removed by electromagnets during the process 
through the preparation plant. The sulphur content of 
Kembla slag is low because the iron and coke used in the 
smelting process have low percentages of sulphur.
2.2 Physical Properties of "Kembla" Slag
The physical properties of Port Kembla slag are: 
i) Specific gravity - the true specific gravity 
of the finely ground material is 2.95.
ii) Unit mass - the unit mass of a loose and dry
3sample is approximately 1020 kg/m .
iii) Water retention - due to its porosity,
granulated slag has a relatively high water
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absorption quality.
iv) Angle of repose - the normal angle of 
repose is 38°, but granulated slag may 
hold up to 80° to 90° during extraction 
from stock piles.
v) Adhesive quality - its rough texture, 
porosity and alkaline reactivity give 
granulated slag good adhesion qualities.
vi) Glass content - granulated slag has a glass 
content of 99.5% or higher.
vii) Fire resistance - slag has generally a high 
fire resistance level.
viii) Particle size distribution - Table 1.3 gives 
a typical sieve analysis for "Kembla" slag.
TABLE 1.3
TYPICAL SIEVE ANALYSIS OF KEMBLA GRANULATED SLAG 















The granulated slag obtained from A.I.S. 21 
dump at Port Kembla is shown in Plate 1.1; this may 
be compared with the beach sand, (see Plate 1.2), also 
used in the experimental work.
3. Uses of Granulated Slag
Iron and Steel making in Australia has produced 
tens of thousands of tonnes a year of slag and this 
"waste product" has long served in the well-known fields 
of road-making, land fillings and as "blue metal" in 
concrete. Although the humble blue metal has been a 
useful material and will continue to be used in its raw 
state for these traditional purposes, there is much more 
to slag than road-making as it has two important 
advantages over other materials:
i) slag, with its unique composition, is 
available at industrial sites - it does 
not have to be mined or quarried far from 
processing areas, and
ii) slags are produced in the molten state, 
making many forms of processing much 
simpler.
These advantages have enabled the slag to be 
used in granulated and pelletised form as concrete 
aggregate.
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Plate 1.2 - Beach Sand
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SIEVE ANALYSIS TECHNIQUE AND RESULTS
1. Summary of Technique:
A weighed representative sample of fine aggregate 
was separated through a series of sieves of 
progressively smaller openings to determine the 
particle size distribution.
2. Apparatus;
Balance - Wedderburn, Precision Scales 
Drying Oven - an oven with an average temperature 
of 100°C was used for drying the aggregate.
Sieves - sieves in accordance with B.S. 410, 
Laboratory Test Sieves were used. The sieve sizes 
employed were 19 mm, 13.2 mm, 9.5 mm, 4.75 mm, 2.36 mm, 
1.18 mm, 600 ym, 300 ym and 150 ym. These sieves were 
manufactured by Endecotts (Test Sieves) Ltd., London, 
England.
Trays - three aluminium trays were employed in 
transferring aggregate during sieving procedure. These 
trays were sufficiently wide and deep to prevent loss 
of aggregate.
NOTE: The Apparatus used may be observed on Plates
A2.1 and A2.2.
3. Procedure:
The required sample was dried in the oven for 
approximately 24 hours at 100°C and then allowed to cool.
APPENDIX 2
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When the sample had cooled sufficiently it was weighed 
and the weight recorded. The sample was then placed 
in one of the aluminium trays prior to sieving. The 
sieve with the largest mesh opening was then loaded 
with material (with care being taken not to overload 
the sieve). The material was then sieved into one of 
the other aluminium trays until no more than a further 
one percent by mass of the residue on the sieve passed 
that sieve during a further one minute of continuous 
sieving. The residue in the sieve was then tipped into 
the bowl of balance. This procedure was continued until 
the entire sample had been used. Then the sieve was 
cleaned and the residue tipped into the balance bowl.
The material in the bowl was weighed and the weight 
recorded, then the material was transferred to the 
third aluminium tray.
When the above procedure had been completed for 
the smallest sieve, the sample was weighed once more to 
indicate the loss of material.
The initial and final weights of each sample were 
recorded to the nearest gram.
4. Calculations;
The percentage mass of material passing each 











9.5 - 0 100
6.7 18 - 2 98
4.75 32 3 95
2.36 118 12 84
1.18 298 30 54
600 ym 299 30 24
300 ym 176 18 6 ,
150 ym 49 5 1
Initial weight of sample = 1000 g










9.5 - - . 100
6.7 - - 100
4.75 - - 100
2.36 . - - 100
1.18 1 0.1 99.9
600 ym 25 2.5 97.4
300 ym 528 52.8 44.6
150 ym 435 43.5 1.1
Initial weight of sample = 1000 g
Final weight of sample = 989 g
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(c ) Coarse Aggregate
Sieve Size Wt. Retained % %
(mm) (g) Retained Passing
38.0 - - 100
19.0 150 11 89
9.5 1150 84 5
6.7 50 4 1
4.75 15 1 -













To achieve uniformity during experimentation, dry 
aggregates were used at all times.
2. Preparation of Granulated Slag (Fine Agg.):
As the slag obtained from A.I.S. 21 dump at Port 
Kembla contained varying amounts of moisture, all the 
slag obtained was dried to a surface dry condition 
before use.
2.1 Apparatus :
Drying table - a table in which the slag was 
placed to bring it to a surface dry condition. The 
table had the dimensions of: Length = 155 cm
Width = 120 cm
Battery of Lights - this facilitated the heat 
source to dry the slag. It consisted of twenty 
incandescent light fittings, each classified at 275 w. 
The battery was suspended by chains to allow for the 
adjustment of height above the drying table.
Storage drums - 44 gallon drums were used as 
storage drums for the slag. The drums for the dry 
slag had lids which could be secured to maintain the 




The slag was obtained from 21 dump in 44 gallon 
drums and stored in the Laboratory. A 9.5 mm sieve 
was used to sieve the slag into an empty drum and this 
continued until all of the slag had been sieved.
A suitable volume of sieved slag was placed on 
the drying table and allowed to dry to a surface dry 
condition. A simple test was employed to discern this 
condition. The test involved passing a steel spatula 
through the slag and noting the amount of material that 
adhered to it. When no material adhered to the spatula 
it was determined to be sufficiently dry. The dried 
slag was removed from the drying table and placed in 
a sealed drum until required for mixing purposes.
The above procedure was repeated until sufficient 
material was obtained for the study (i.e. all mixes).
3. Preparation of the Coarse Aggregates:
The coarse aggregate used during experimentation 
was surface dry and was placed in storage drums in the 





In the main, the mixing procedure complied with 
that of A.S. 1012, Part 2 - 1971, "Method for 
Mixing Concrete in the Laboratory".
2. Apparatus :
Hand Shovel - a small hand shovel was used to help 
weigh out the aggregates during batching.
Batching Scales - a Wedderburn temperature 
compensated trade scale was used to weigh out the 
aggregates for each mix. The scale read to 50 Kg 
in increments of 0.5 Kg.
Plastic Garbage Bin - the coarse and fine 
aggregates were weighed out into a plastic garbage 
bin.
Plastic Buckets - two plastic buckets were used to 
weigh out material, one for cement and one for 
water.
Mixer - a Horizontal mixer was used to mix the
3concrete. It had a capacity of 0.06 m .




Once the mixer had been moistened (or cleaned), 
the aggregates (coarse and fine) were weighed out 
into the plastic garbage bins. The fine 
aggregate being weighed out first, then the coarse 
on top. This was to facilitate the coarse 
aggregate being charged into the mixer first.
The water and cement were then weighed out into 
their respective buckets.
Once all the materials had been weighed, the 
coarse and fine aggregate were loaded into the 
mixer and the mixer turned on. As the mixer was 
turned on, half of the required water was added 
to the aggregates and when they were sufficiently 
moistened (about h a minute), the cement was 
added and then the rest of the water.
The materials were allowed to mix for a period of 
two minutes, followed by a period of two minutes 
at rest and then a further two minutes of mixing.
The above procedure was carried out for each mix.
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Plate 4.2 Mixing Apparatus
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TECHNIQUE FOR THE DETERMINATION 
OF SLUMP VALUES
APPENDIX 5
The Slump Test procedure carried out during 
experimentation was based on the procedure described 
in Australian Standard 1012, Part 3, 1971, "Methods 
for the Determination of Properties Related to the 
Consistence of Concrete".
1. Scope:
Although the slump test does not measure 
workability it is one of the major tests used on 
construction sites around the world and it is 
used as a basis to try and judge the workability 
of concrete.
The slump test measures the consistency of concrete 
and is limited to mixes with a maximum size of 
aggregate of 40 mm.
2. Apparatus:
Mould - consists of a hollow section of a cone 
made of sheet metal and open at both ends. Handles 
and footpegs are attached such that the inside 
surface remains smooth to minimise friction effects. 
The dimensions of the standard slump cone are as 
set out below;
Top internal diameter = 100 mm
Bottom internal diameter = 200 mm
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Vertical height = 300 iran
Compacting Rod - a steel rod 600 mm long and 
15 mm diameter. One end of the rod tapers down to 
give a "bullet nosed" effect. The taper has a 
length of 25 mm and the spherically shaped end has 
a radius of 5 mm. .
Hand Shovel - a small hand shovel to load the cone.
Rule - a rule for measurement of slump.
NOTE:
The apparatus used in this test may be observed from 
Plate A5.1.
3. Sampling:
A representative sample was obtained from the 
centre portion of the mixer.
4. Procedure:
The slump mould was immersed in water between tests 
and allowed to drain for two minutes before each 
test. Loading of the mould was commenced as soon 
as the mixer was stopped. The loading was carried 
out in three layers of equal volume, with each 
layer being rodded 25 times to facilitate 
compaction. After the mould was filled and rodded 
the excess concrete was struck off with a wooden 
float and the mould gently removed from the concrete 
vertically thus allowing the concrete to slump.
The measurement of the slump was made with reference
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to the mould and the slump was recorded.
5. Accuracy:
The slumps were measured to the nearest 5 mm for 
slumps below 80 mm and to the nearest 10 mm for 
slumps greater than 80 mm.
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Plate 5.1 - Slump Test Equipment
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The method employed for making and curing of the 
concrete cylinder specimens was generally in 
accordance with A.S. 1012, Part 8 - 1973, "Methods 
for Making and Curing Concrete Compression Indirect 
Tensile and Flexure Test Specimens in the 
Laboratory or in the Field".
2. Apparatus;
Cylinder Moulds - the moulds were steel cylinders 
of 150 mm diameter and 300 mm in height and all 
internal surfaces were machined to a smooth finish. 
Machined baseplates were attached to the base of 
the moulds by two wingnuts which were tightened 
onto two flanges on opposite sides of the mould.
Beam moulds - the moulds were steel beams of 
150 mm width and depth and 520 mm in length; all 
internal surfaces were machined to a smooth finish. 
Machined baseplates were attached to the base of 
the moulds by two nuts, and the flanges were 
connected by two bolts and nuts at the extremities 
of the moulds. Four beam moulds were used including 
one unnotched and three notched. The latter had a 
30 degree notch with a sharp edge cast at the 
centre of the tensile surface. The three flaw
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depths considered were 25.4 mm, 50.8 mm and 
76.2 mm.
All moulds were lightly coated with a suitable 
mineral oil before use to ensure that the concrete 
did not adhere to the walls of the mould.
Tamping Rod - as described for the slump test in 
Appendix 5. The rod was used to compact the 
concrete into the mould.
Soft Faced Hammer - this was used to aid the 
compaction of the concrete into the moulds. The 
hammer was used to gently tap the sides of the 
mould.
Wooden Float - was used to strike off excess 
concrete and level the open end of the mould when 
full.
Constant Humidity Room - used to cure the test 
specimens.
NOTE:
The apparatus used in the preparation and curing of 
the test specimens may be observed from Plates A6.1 
and A6.2.
3. Procedure:
Four beams and three cylinder specimens were 
prepared from each mix. All cylinders and beams 
were filled in three equal layers, each layer being
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rodded twenty five times and the outside of the 
cylinder tapped gently (approximately ten times) 
to achieve a high level of compaction. The 
concrete was allowed to dry before being removed 
from the moulds and transported to the constant 
humidity room (the time of set was approximately 
20 hours).
The constant humidity room was controlled to 
maintain a temperature of 25°C and a relative 
humidity of 95%.
The test specimens remained in this environment 
for various periods of time ranging from 7 to 
60 days.
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Plate 6.1 - Cylinder Moulds
Plate 6.2 - Notched Beam Mould
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Plate 6.3 - Constant Humidity Room 
for Curing Specimens
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THE CAPPING AND COMPRESSION TESTING 
OF THE CONCRETE CYLINDERS
1. General ;
The procedure carried out during the capping and 
testing of the cylinders was generally in 
accordance with A.S. 1012, Part 9 - 1973, "Method 
for the Determination of the Compressive Strength 
of Concrete Specimens".
2. Apparatus :
Capping Plate - the capping plate was a machined 
steel disc 40 mm thick with a machined recess 
approximately 5 mm larger than the cylinder 
diameter and approximately 10 mm deep. The side 
of the recess was angled at 45 degrees.
Alignment device - this device consisted of two 
horizontal plates with large "V" notches and a 
base plate onto which the capping plate fitted. 
The positioning of the two "V" notch plates was 
such that they ensured that the cylinder was at 
right angles to the capping plate. The base 
plate had also been levelled to ensure a planar 
surface.
Melting Pot - a Sunbeam deep fry saucepan was 
used to melt the capping mixture.
APPENDIX 7
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Capping Materials - the capping mixture was made 
from sulphur and fly ash in a ratio of 9:1 (i.e.
10% fly ash).
Avery Compression Testing Machine - this was used 
to test the compressive strength of each cylinder.
Compressometer - this was used to measure the 
deformations in the cylinder during loading.
Vacuum Cleaner - this was used to assist in the 
drying of the cylinder ends to be capped.
A Caliper - to measure the diameter of the cylinders
A Rule - to read the diameter from the caliper.
NOTE:
The apparatus may be observed from Plates A7.1 and A7.2. 
3. Procedure:
The cylinders were removed from the constant 
humidity room and the ends to be capped were 
dried with the aid of a vacuum cleaner which was 
used to blow warm air across the cylinder end.
The melting pot containing the mixture was turned 
on and the mixture heated to about 160 C.
When the capping mixture had reached a suitable 
viscosity and the cylinder ends were dry enough 
to enable capping, the cylinders were capped in 
the manner set out below.
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The test cylinders were placed, capping face 
down, on the bench beside the alignment device.
The capping plate was given a light coating of a 
suitable mineral oil, then filled with the molten 
capping mixture. A cylinder was held such that 
it came in contact with the two "V" notch plates 
at four points. The cylinder was then slowly 
lowered to the capping plate with care being taken 
so as to ensure that the cylinder remained in 
contact with the "V" notched plates at the four 
tangent points.
When the capping mixture had set, the cylinder and 
the cap were removed from the mould and allowed to 
stand until required for the compressive stength 
test. All the capped cylinders were allowed to 
stand for approximately one hour before being 
tested for compressive strength. During this time 
interval, the cylinder diameter and height were 
measured and recorded. .
A compressometer was used to keep a continuous 
record of the deformations during loading (up to 
two thirds of the estimated failure load). Each 
cylinder was placed in the machine in turn and 
tested, with care being taken to ensure that load 
was applied without shock and increased contin­
uously at a rate of approximately 20 MPa 
compressive stress per minute. The load was
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increased until no further increase could be 
sustained. The load was then removed and the 
maximum load recorded. The uniaxial compressive 
strength and elastic modulus of the concrete were 
then calculated.
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Plate 7.2 - Avery Compression Testing
Machine
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The procedure carried out for the testing of the 
slag concrete beams was in accordance with A.S. 
1012, part 11-1972, "Method for the Determination 
of Flexural Strength of Concrete Flexure Test 
Specimens".
2. Apparatus;
Avery Universal Testing Machine -
Base Plate - used as reference base for beam 
deformation measurements.
Dial Gauge - used to measure beam deflections 
under load.
The equipment may be seen in Plate 8.1.
3. Procedure:
At the end of the required curing time, the beams 
were removed from the constant humidity room, wiped 
clean and their dimensions measured and recorded. 
Each beam was placed, in turn, in the flexure 
testing machine, centred on the rollers and set 
for third-point loading. The load was applied to 
the specimen through a frame containing two 
supporting rollers and two loading rollers. The
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rollers were suitably articulated to ensure that:
(i) the load is equally divided between 
the loading rollers,
(ii) the load is applied normal to the 
specimen surface, and
(iii) the specimen is not restrained or 
subjected to torsion.
The beam deflections were measured by means of a 
dial gauge mounted on top of a base plate, 
connected between the beam and the bottom set of 
rollers. A schematic representation of this 
arrangement may be observed in Figure 13. The 
deflections were continuously recorded until the 
failure load was attained. Load - deformation 
curves were then drawn for the notched and unnotched
beams.
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Plate 8.1 - Avery Universal Testing
Machine
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THE FLEXURAL TESTING OF 
MORTAR DOUBLE-CANTILEVER BEAMS
As no standard was available to determine the flexural 
strength of mortar double-cantilever beams, the 
following apparatus and procedure were used.
1. Apparatus;
Avery Universal Testing Machine 
Base Plate 
2 Universal Joints 
10 mm Drill Bit 
Vertical Drill
2. Procedure;
At the completion of the required curing period, 
the double-cantilever beams were taken from the 
constant humidity room, wiped clean and their 
dimensions measured and recorded. Two 10 mm 
diameter holes were then drilled, one in each 
cantilever beam section; a Universal joint was 
inserted in each hole and connected to the top 
and bottom sections of the Avery Universal Testing 
Machine (as shown in Plate 9.1). The other end of 
the double—cantilever beams was allowed to rest on 
a base plate. A tensile load was then uniformly 
applied normal to the specimen until failure was 
reached and this ultimate load was recorded.
APPENDIX 9
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Plate 9.1 - Testing of Mortar 
Double-Cantilever Beam




The principle of this technique involves the 
recording of a wavefront emanating from an object.
In order to store all the information pertaining to 
an object, it is imperative that both amplitude and 
phase be recorded. This may be achieved by making the 
wavefront from the object interfere with a reference 
wavefront. Information regarding the amplitude and 
phase of the object is available by virtue of the 
position and contrast of the interference fringes. The 
photographic plate records these fringes so that, when 
the reference wave is used as a reconstructing wavefront, 
the processed hologram diffracts part of this wavefront 
as an exact replica of the original object wavefront.
Since the hologram stores the wavefront 
emanating from the object at the time of the actual 
recording, it is possible to compare it with the 
shape of the object after deformation. If the change 
is small, there will be an optical interference effect 
between the reconstructed wave and the wave from the 
object. This can be best achieved by recording a 
double exposure on the same photographic plate.
The first exposure of half the normal duration is 
taken with the object in its original position, and 
the second exposure is taken after the load has been 
applied. Thus, on reconstruction with the reference
APPENDIX 10
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wave, a high-contrast fringe pattern will be observed 
and measurement of surface deformation can be made.
Light and Luxmoore experimented with the 
detection of cracks in concrete cubes and cylinders 
by holography. The optical system used is shown 
diagrammatically in Plate 10.1, and measures 
principally the out-of-plane displacements. The 
system was built from standard optical components, 
fixed to a steel marking-out table with anti-vibration 
pads under its feet. The presence of vibrations was 
detected by using a Michelson interferometer which was 
set to produce interference fringes between a mirror 
on the concrete block and a reference mirror. Any 
out-of-plane displacement of the mirror on the block 
was shown up by movement of the fringes. When the 
vibrations were rapid, no fringes were visible.
A special loading frame (with a 1 MN jack), 
was built onto the end of the table, and tests with 
the Michelson interferometer showed that, provided 
the table was not touched during testing, no extraneous 
displacement was introduced into the optical path 
lengths.
In order to explain the process of observing 
crack propagation, Light and Luxmoore discussed the 
typical results obtained from a cube of 48 MPa 
ultimate compressive strength.
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The first detectable imperfection was a slight 
fringe discontinuity at the bottom right-hand side of 
the cube at 17 MPa. At 26 MPa, the area of deformation 
could be seen to propagate slightly further. At 28 MPa, 
some bunching of the fringes was apparent at the base 
of the cube. At 33 MPa a surface crack propagating 
vertically up the face could be readily detected. As 
failure became imminent, at loads exceeding 45 MPa, 
the crack propagating vertically was no longer detect­
able, because the front face of the cube was breaking 
away from the rest of the block.
Tests on other cubes showed similar behaviour, 
the difference in crack patterns being largely due to 
the introduction of bending movements.
Apart from the qualitative*assessment of crack 
propagation such as location and length of crack, the 
relative out-of-plane displacement across a crack can 
be detected from the observed fringe patterns. By 
choosing a continuous fringe as an arbitrary zero 
and plotting fringe positions along either side of the 
crack, the displacement (in terms of fringe order) will 
be given by the difference between these two graphs.
The value of fringe-order difference at any point on 
a specimen can be converted to an actual displacement, 
by using the geometry of the incident and observed rays 
and the optical path difference equations.
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By using two separate hologram plates or a modified 
method, such as speckle pattern photography, 
successful determinations of on-plane displacement 
across a crack have also been carried out.
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Plate 10.1 - Optical arrangement for
experimentation using holographic 
. interferometry^
